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Abstract 
The regularity of the striation of skeletal muscle 
offers a unique possibility to analyze different bands of 
the sarcomere in longitudinally cut semithin cryosec-
tions. The aim of the present study was to investigate 
the elemental content of the Z-, I- and A-bands within 
the sarcomere which may be related to the affinity of an 
element to different contractile elements and the water 
content in different bands. The highest potassium levels 
were found in the Z-band {802 mmol/kg dry weight 
(d.w.)} as compared to the I-band (697 mmol/kg d.w.) 
and the A-band (731 mmol/kg d.w.). The difference 
between A-band and Z-band, but not between I-band and 
A-band, was significant. The highest phosphorus values 
were detected in the Z- and I- bands and the lowest 
within the A-bands (632,615 and 540 mmol/kg d.w. re-
spectively). No significant differences were found in the 
concentrations of Na, S, or Cl. Ca was significantly 
lower in the I-band as compared to A- and Z-band. The 
Mg concentration in the I- and A-band was significantly 
higher than in the Z-band. By means of computerized 
densitometry, relative densities (proportional to the dry 
mass content) of the Z-, I- and A-band were calculated 
(23.9, 11.6, and 19.2, respectively). The mean value of 
dry mass over several sarcomeres varied between 19.5-
22.5 which corresponds well with dry weight mass con-
centrations obtained by traditional methods. The values 
for dry mass content allowed recalculation of the 
elemental concentrations as mmol/k:g wet weight. 
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The characteristic pattern of alternating dark and 
light bands in skeletal muscle was probably known to 
Hook and was described by Leeuwenhoek. The first de-
tailed description of skeletal muscle was published by 
Bowman (1840). Studies by Dobie (1849) and von 
Briicke (1858) described different bands according to 
their refractive index and birefringence in the light 
microscope using different light sources. Examination 
of muscle fibers in polarized light gave name to broad 
anisotropic bands, A-bands, and to isotropic bands (actu-
ally less anisotropic), I-bands. Isotropic means having 
the same shape and appearance from whatever angle ob-
served. The narrow dense band in the middle of the 
I-band was called Z-band. The early works by Bowman 
(1840) and Dobie (1849) contain observations that iso-
lated muscle fibers underwent spontaneous contraction 
(Bowman, 1840) and that most of the change in length 
appeared within the I-band (Dobie, 1849). Krause 
(1869) reported that during contraction A-band length 
stays constant, and Engelmann (1873) described forma-
tion of dense contraction bands at the Z-line during con-
traction. Through use of the electron microscope, Hall 
et al. (1946), Huxley (1953), and Huxley and Hanson 
(1954) provided more detailed information about the 
structure of skeletal muscles. The regular organization 
of thin and thick filaments of the contractile proteins 
(which gives muscle a striated appearance) led to the 
filament sliding theory of muscle contraction (Huxley 
and Hanson, 1954). Modem immunohistochemical tech-
niques demonstrated the presence of different contractile 
and cytoskeleton proteins within different bands. The 
use of immunocytochemical techniques to analyze distri-
bution of different types of proteins in skeletal muscle is 
important as it has been shown that several human mus-
cular disorders are characterized by an absence or reduc-
tion of contractile and cytoskeletal proteins both in skele-
tal and cardiac muscles (Arahata et al., 1988; Nicholson 
et al., 1990; Cullen et al., 1992; Fulthorpe et al., 
1992). It is not unlikely that changes in content and 
distribution of myofibrillar and cytoskeletal proteins 
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Figure 1. (a) Drawing of a section of longitudinally 
cut skeletal muscle showing the arrangement of filaments 
and (b) the approximate volumes when analyzing the 
elemental composition of the Z-, I-, and A-band. The 
sections were placed on supporting film with the longitu-
dinal axis of the muscle fiber parallel to the longitudinal 
axis of carbon plate (specimen holder). This procedure 
allowed us to tilt specimens in the electron microscope 
against the detector with unchanged analytical resolution 
in relation to the muscle fibre striation. 
directly affect electrolyte composition in the muscle 
cells. 
Several X-ray microanalytical studies have been un-
dertaken to establish ionic and water content within dif-
ferent bands of the sarcomeres in skeletal muscle fibers. 
Shuman et al. (1976), Somlyo et al. (1976, 1977, 1981), 
and Yoshioka and Somlyo (1984) performed microanaly-
sis of thin cryosectioned muscle fibers in the frog and 
found higher concentrations of potassium in the I-band 
than in the A-band [467 versus 438 mmol/kg dry weight 
(d. w.)]; potassium appeared to follow the water concen-
tration in these areas (Huxley and Nidergerke, 1958). 
Ling (1977) and Edelmann (1984) studied the distribu-
tion of potassium in order to obtain information on the 
physical state of the water in muscle cells and found 
higher potassium concentrations in the A-band than in 
the I-band. Edelmann (1984) also found very high 
potassium concentrations in the Z-band. 
Since the mid-seventies, we have been analyzing 
elemental composition of normal and diseased mamma-
lian skeletal muscle by means of energy dispersive X-ray 
microanalysis (XRMA) (Wroblewski et al., 1978; 
Wroblewski and Edstrom, 1989). Analysis was per-
formed on transversely cut cryosections which were cut 
in series with sections aimed for enzyme ·and substrate 
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histochemistry and studied by the light microscope. 
This procedure allowed us to relate the elemental content 
of a single muscle fiber to its stainability for myofibrillar 
ATPase (revealing the fiber type), fiber diameter and 
content of other enzymes and substrates. 
The constant shape of single fiber contours in 
striated muscle as seen in the transversely cut serial 
sections, is an advantage in XRMA as elemental compo-
sition of single cells can be easily related to other 
histochemical characteristics by means of tracing the 
same cell in adjacent sections (Wroblewski et al., 1978). 
This type of analysis with direct reference to histochem-
istry is almost impossible in other tissues where the cell 
contours changes dramatically in the adjacent sections. 
The size of the electron probe and its acceleration 
voltage of 100-120 kV (which penetrates through the en-
tire section) allowed us to obtain representative data for 
each fiber based on volumes at least 2 sarcomeres deep 
(approximately 6 µm) in the transverse cryosections. 
Analyses performed in this way were not influenced by 
non-contractile tissue or the contents of extracellular 
space which varies and usually increases under patholog-
ical conditions (Wroblewski and Edstrom, 1984a,b; 
1989). 
The regularity of striation of skeletal muscles also 
offers the possibility to analyze different portions (bands) 
of sarcomere in the longitudinally cul semi-thin cryosec-
tions. In the past, this type of analysis was possible to 
perform only in ultra-thin cryosections cut in a cryo-
ultramicrotome. However, analysis performed on thin 
cryosections (in spite of its high analytical precision) 
possesses several drawbacks such as high elemental loss 
and small analytical volumes. Often, only a few cells 
are sufficiently well preserved within the section. 
In the present investigation, we have examined by 
means of XRMA, longitudinally cut semi-thin cryosec-
tions with reference to different areas within the sarco-
mere. At the present stage, analyses were not supple-
mented by histochemical observations performed on ad-
jacent sections. The aim of the present investigation 
performed on longitudinal semi-thin cryosections was to 
investigate the elemental content of different bands (Z-, 
I-, and A-band) within the sarcomere. This content may 
represent the affinity of an element to different contrac-
tile components of the sarcomere and to the water in 
different bands. 
Materials and Methods 
The soleus muscles of three rats were quickly 
removed. The muscle samples were plunged into liquid 
Freon 22, cooled by liquid nitrogen. Prior to freezing, 
the muscle was fixed under slight tension between paral-
lel tweezers. Two to six µm thick sections were cut on 
Ion distribution in mammalian striated muscle 
Figure 2. Longitudinal, unstained cryosections of a rat 
soleus muscle. Four muscle fibers are visible in (a). 
Connective tissue and capillaries containing red blood 
cells (arrows) are clearly visible. Sub-sarcolemmal nu-
clei (asterisks) present a slightly distorted appearance, 
probably due to their higher water content which leads 
to the formation of larger ice crystals during the prepa-
ration procedure than in the rest of the cell. In (b) 
different bands of the sarcomere can be discerned. In 
the right part of the figure, an entire blood capillary 
with two red blood cells (arrows) is present. Micro-
graphs were taken at an accelerating voltage of 120 kV 
and 0° tilt. 
a cryostat operating at -30°C. The sections were picked 
up on specially designed carbon specimen holders for 
X-ray microanalysis (XRMA) in transmission and scan-
ning-transmission modes of operation. The sections 
were placed with the longitudinal axis of the muscle 
fibers parallel to the longitudinal axis of carbon plate 
and dried at -30°C overnight. This procedure allowed 
us to tilt specimens facing the detector with unchanged 
analytical resolution in relation to the muscle fibre 
striation (Fig. 1). Adjacent sections to those prepared 
for X-ray microanalysis were stained with hematoxylin-
eosin for estimation of the degree of preservation and to 
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Figure 3. Higher magnification of longitudinally cut 
freeze-dried unstained cryosection of a rat soleus mus-
cle. Areas of this preservation quality or better were 
analyzed at 300,000x magnification. At this magnifica-
tion a scan area with dimensions 3 cm x 1 cm on the 
cathode ray tube (CRT) was used to assure accurate 
analysis. Micrograph taken at 120 kV and 35° tilt. Bar 
1.5 µm. 
check if sectioning was performed parallel to the longi-
tudinal axis of the muscle fiber. 
The cryosections for XRMA were examined in a 
JEOL 1200 CX electron microscope (EM) fitted with a 
scanning attachment, and supplemented with a Tracor 
TN5500 energy dispersive spectrometer system. The 
specimens were examined in the scanning transmission 
(STEM) mode at 100-120 kV. The total counting time 
(life-time) was 50 seconds. Quantitative analysis was 
carried out by using gelatin-salt standards (Wroblewski 
et al., 1983). Student's t-test was used to evaluate 
analytical data. 
Elemental analysis was performed on the Z-band, 
the I-band, and the A-band in 6 muscle fibers from each 
biopsy. Analysis of the elemental composition of the I-
band was performed without contribution of the Z-
bands. The analysis was performed using the STEM 
mode of microscopy in the magnification range of 200-
400K. At this high magnification, the longitudinal axis 
of the muscle was placed (using the rotation control) 
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Figure 4. Elemental spectra from the Z-, 1-, and A-
band of the same sarcomere. Note the low continuum. 
parallel to the y-axis of the CRT-screen. This configu-
ration allowed the scanning area the be formed into an 
elongated rectangle which could be exactly fitted within 
the band of interest (Fig. 1). 
Computerized densitometry was employed to calcu-
late the relative densities of the Z-, I- and A-bands in 
STEM-images obtained from the same sections and areas 
that were analyzed by means of XRMA. Images were 
stored as TIFF files and analyzed using the Image pro-
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gram (National Institutes of Health, Bethesda, MD) us-
ing a Macintosh IICi computer. Density calibration was 
carried out against areas of the section with only Form-
var film and the density of the darkest spot within the 
darkest area of the section. We assumed a linear corre-
lation between the micrograph density and the dry mass. 
The values obtained from Z-bands were always some-
what lower than the density of the darkest regions of the 
sections (e.g., areas where two serial sections overlap-
ped). It is likely that in this type of analysis the relative 
average density is directly proportional to the dry mass 
content and can be used to compare tissue dry mass 
between different striation bands. 
Results 
Light microscopical observations 
Clear striation was seen in all specimens stained 
with hematoxylin-eosin. The preservation of the tissue 
allowed the distinction between Z-, 1-, and A-bands. 
Subsarcolemmal nuclei were easily detectable. No 
visible morphological changes due to improper freezing 
such as ice crystal formation could be seen at the light 
microscopic level. 
X-ray microanalysis and EM observations 
In the STEM mode, the striation of muscle cells was 
clearly seen, and it was possible to distinguish Z-, I-, 
and A-bands. Also, the M-band could be discerned in 
several specimens. Sub-sarcolemmal nuclei had a slight-
ly distorted appearance probably due to their higher 
water content which resulted in the formation of larger 
ice crystals during the freezing and freeze-drying proce-
dures (Fig. 2). Capillaries containing red blood cells 
and connective tissue were seen in the extracellular 
spaces. The distribution of the "crystals" within single 
muscle cells could not be directly related to the location 
of the freezing front. The final thickness of the section 
after freeze-drying was approximately 1-2 µm and al-
lowed easy visualization of different sarcomere bands 
within the striated muscle (Fig. 3). Due to the section 
thickness, selective analysis could not be performed on 
sarcoplasmic cistemae or T-system tubules (SR-T sys-
tems) because excitation volumes were larger than these 
compartments. SR-T systems were, however, clearly 
seen in several sections. 
Elemental spectra obtained from cryosections 
showed elemental peaks characteristic for muscle tissue 
(Fig. 4). The continuum was relatively low, showing 
that the analyzed sections had a thickness of about 1-2 
µm. Since the sections fulfilled the criteria for semi-
thick sections, the quantitative procedure appropriate to 
this type of specimens could be used (Wroblewski et al., 
1983). 












Figure 5. Elemental composition of Z-, I-, and A bands in rat soleus muscle. Measurements were performed on 
skeletal muscles from 3 rats. The data represent mean value and standard error of the mean and are given as absolute 









Figure 6. Concentrations of dry mass (in % wet 
weight) in the Z-band, I-band and A-band. Values are 
mean and standard error of the mean. 
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A comparison of data based on dry weight, showed 
that the highest potassium (K) levels were found in the 
Z-band (802 mmol/kg d.w.) as compared to the I-band 
(697 mmol/kg d.w.) and the A-band (731 mmol/kg 
d.w.). A- and I-bands had significantly lower K levels 
when compared to the Z-band. The difference between 
the I- and the A-band was not significant. The highest 
phosphorus values were detected in the Z- and 1- band 
and the lowest in the A-band (632, 615 and 540 mmol/ 
kg d. w., respectively). No significant differences were 
found in the concentrations of sodium, sulfur or chlo-
rine. Calcium concentrations were significantly lower in 
the I-band as compared to the A- and Z-band. The l-
and A-band showed significantly higher magnesium con-
centrations than the Z-band (Fig. 5). 
Analysis of STEM-images of cryosectioned muscle 
by means of computerized densitometry provided the 
relative densities of the Z-, I- and A-band (Fig. 6). The 
average densities (mean and standard error of mean) 
were 23.9 (0.45) for the Z-band, 11.6 (0.75) for the 
I-band and 19.2 (0.73) for the A-band. The mean value 
of density (dry weight content) when several sarcomeres 
were scanned varied between 19.5-22.5, which corre-
sponds well with dry weight mass concentrations obtain-
ed on fat-free muscle tissue using conventional methods 
(Hazlewood and Ginski, 1969). Hazlewood and Ginski 
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Figure 7. Elemental composition of the Z-, I-, and A-bands in rat soleus muscle (in mmol/kg wet weight). Values 
from Fig. 5 have been recalculated using the dry mass concentration values from Fig. 6 representing dry mass 
concentrations of Z-, I-, and A-bands from the electron micrographs of cryosections used in present study. 
(1969) found that the dry weight of normal mice was 
23.8 g/lO0g fat-free tissue and that this value changed in 
dystrophic animals. In dystrophic muscles, potassium 
levels were 78 mmol/liter, sodium levels 37.8 nunol/ 
liter and chlorine levels 32. 8 mmol/liter. The corre-
sponding values in normal animals were 100, 20. 7, and 
19.1 mmol/liter, respectively, _which agrees with the 
values obtained in the present study. In Figure 7, we 
recalculated our data based on dry weight into wet 
weight, using the density values (dry weight content) 
from Figure 6. The difference between the elemental 
content of the different bands became significant for all 
elements as values for the density differences (dry mass) 
of the Z-band, A-band and I-band differed markedly. 
Discussion 
In the longitudinally cut mammalian muscle, we 
found the highest potassium levels as calculated on a dry 
weight basis, in the Z-band (802 mmol/kg d. w.). This 
finding is likely to reflect the high density of 13-and 
r-carboxyl groups of the Z-line proteins. Our results 
also showed lower potassium levels in the I-band (697 
606 
nunol/kg d.w.) than in the A-band (744 mmol/kg d.w.). 
This is in agreement with the distribution of carboxyl 
groups possessing negative charges, such as those pres-
ent in high concentration within the myosin molecules. 
It is possible that differences in the potassium concen-
tration of the Z-, 1-, and A-bands represent differences 
in the distribution of negative charges in contractile 
proteins. The presence of the negative charges of the 13-
and r-carboxyl groups of myosin could cause a higher 
potassium concentration in the A-bands compared to the 
I-bands which lack myosin. Calcium concentrations in 
the I-band were significantly lower as compared to the 
A- and Z-band which may be related to the binding ca-
pacity of the contractile proteins in the A-band region. 
The finding that the calcium level is lowest in the I-band 
is probably the result of the accuracy of our analysis, as 
we tried to avoid analyzing areas with visible contours 
of the SR-T system. We have no explanation for the 
high calcium content of the Z-bands. 
It has to be stressed that the significances discussed 
above were obtained from the values calculated on a dry 
weight basis. Differences in the local concentration of 
water (dry mass) affect the final level of the local ionic 
Ion distribution in mammalian striated muscle 
concentration within different bands. The calculated dry 
mass of the Z-band was two-fold higher than that of the 
I-bands, and approximately 20% higher than the dry 
mass of the A-band. Differences in the mass of the dif-
ferent striation bands are easily seen in the scanning 
mode of microscopy using dark field (Andrews et al., 
1994) and other signal detectors in which the intensity of 
the local signal is related to the local mass of the speci-
men. von Zglinicki (1988), von Zglinicki et al. (1987), 
and Andrews et al. (1994) used this type of signals to 
calculate local dry mass concentrations. It is evident 
that the dry mass is highest in the Z-bands followed by 
the A-band, and the lowest dry mass is found in the 
I-band. von Zglinicki (1988), analyzing images of thin 
cryosections of rat heart muscles by means of microden-
sitometry, found the dry mass of the A-band and the 
I-band to be 24 % and 15 % of the wet weight respective-
ly. No data were given for the dry mass of the Z-band. 
X-ray microanalysis of thin cryosectioned muscle 
fibers (Shuman et al., 1976; Somlyo et al., 1976, 1977, 
1981; Yoshioka and Somlyo, 1984) were performed to 
investigate compartmentalization of diffusible ions in the 
frog. The authors found a higher concentration of potas-
sium in the I-band than in the A-band (467 versus 438 
mmol/kg d.w.), and they found that the potassium con-
centration followed the water concentration in those 
areas (Huxley and Nidergerke, 1958). 
Ling (1977), Edelmann (1984), and Ling and 
Ochsenfeld (1991) studied the distribution of potassium 
in order to determine the water distribution within the 
different contractile elements. They found a higher po-
tassium concentration in the A-band than in the I-band. 
In our investigation, the elemental data on potassium are 
in agreement with their data. As no significant differ-
ences were detected in the concentrations of sodium and 
chlorine, it is likely that differences in potassium not 
only depend upon differences in water content between 
I- and A-bands, as previously postulated by Somlyo et 
al. (1981). Trombitas and Tigyi-Sebes (1979) studied 
single honey-bee flight muscle in the STEM and TEM 
modes and found a higher potassium concentration in the 
A-band and Z-band than in the I-band. 
von Zglinicki (1988) studied the elemental concen-
trations and the water content in rat heart cells. He 
found that elemental concentrations of both cations and 
anions (calculated on a wet weight basis) were higher in 
the A-band than in the I-band. His data are in agree-
ment with our data obtained on a dry weight basis and 
also with the recalculated data presented on a wet weight 
basis. von Zglinicki (1988) and von Zglinicki and 
Bimmler (1987) used microdensitometry values as a base 
for dry weight measurements. The microdensitometry 
measurements of the I-band and calculated values of the 
I-band included, however, Z-band areas. As the density 
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of the Z-band is much higher than that of the I-band, the 
value of the dry mass of the I-band alone should be even 
lower than the one calculated (15 % ). The differences in 
final concentrations (calculated on a wet weight basis) of 
all elements between A- and I-band would therefore be 
larger. 
Lewis and Saroff (1957) studied binding of potassi-
um and sodium ions to myosin and actin. They found 
that sodium and potassium bind selectively to myosin but 
not to actin. The binding of sodium to myosin was 
stronger than that of potassium. The binding was pH-
and temperature-dependent and the authors postulated 
that imidazole- and amino-groups are responsible for the 
control of ion binding to myosin molecules. 
In view of our present results on the differences in 
potassium distribution in the Z-, I- and A-bands in nor-
mal skeletal muscles it should be of interest to study 
pathological conditions where marked changes in potassi-
um concentrations were detected (Edstrom et al., 1982, 
1986; Wroblewski and Edstrom, 1983; Edstrom and 
Wroblewski, 19 89). Analysis of longitudinally sectioned 
muscles might supplement the information obtained from 
transverse sections and reveal the ability of different 
bands (proteins) to bind potassium ions. It has been 
shown that in dystrophic dog muscle there are changes 
in both sodium and potassium content which are related 
to the changes in the intracellular water content (Mehta 
and Braund, 1989). 
In the present study, X-ray microanalysis was not 
supplemented by histochemical observations performed 
on adjacent sections. Such studies are planned to be 
performed in the future in view of the existing elemental 
differences between different muscle fiber types 
(Wroblewski et al., 1978) and selective pathological 
changes often affecting only one single fiber type 
(Edstrom, 1970a,b). 
The use of semi-thin cryosections in microanalysis 
of biological specimens has several advantages. The 
resolution is better than in thick cryosections or bulk 
specimens which can be analyzed only in the scanning 
mode of microscopy. Compared with ultra-thin cryosec-
tions, a larger number of cells is present within the 
larger semi-thin cryosection. It is, however, impossible 
to analyze small cell compartments, such as the sarco-
plasmic reticulum, the T-system, or mitochondria, with-
in semi-thin cryosections. In the longitudinally cut cryo-
sections, analysis of different bands gives, however, data 
from much larger and more accurately defined volumes 
and may therefore be of interest in such an approach. 
Analysis of individual muscle fibers in semi-thin and 
thick cryosections has made it possible to obtain results 
which are not influenced by non-contractile tissue or the 
contents of the extracellular space which varies marked-
ly, especially in pathological conditions (Wroblewski, 
R. Wroblewski and L. Edstrom 
1982; Wroblewski et al., 1982). The analytical data 
obtained from semithin cryosections can also be related 
to the fiber type and enzyme and substrate content. 
Semi-thin cryosections such as used in the present 
study have a middle range of X-ray resolution. The 
thickness of semi-thin sections allows the primary elec-
trons to pass through the section and exit at the far end. 
When the sections are mounted on the thin Formvar film 
of the low background specimen holder, transmission, 
scanning transmission and scanning images can be ob-
tained. Depending on the thickness, accelerating volt-
age, preservation and type of tissue major cell organelles 
such as nuclei and different sarcomere bands within 
striated muscle can be visualized and analyzed. The sig-
nal to background ratio in semithin sections is high and 
the excitation volume is much larger than in thin sec-
tions, which allows shorter periods of analysis. Semi-
thin sections are too thick to conform to the thin section 
criterion for quantitative analysis (constant ionization 
cross-section, and negligible absorption) but too thin to 
conform to the bulk specimen criterion (infinitely thick 
with respect to the electron beam). Quantitative analysis 
of semi-thin sections placed on thin support can be car-
ried out by the peak-to-background (P/B) method where 
the background is calculated over the same energy range 
as the characteristic peak (Wroblewski et al., 1983). 
Gelatin or albumin standards of the same thickness as 
the analyzed sections have to be used to quantify the 
absolute concentration of elements. The semi-thin cryo-
sections are easy to produce in large quantities. In sev-
eral types of tissues, the analytical information obtained 
by means of XRMA can be complemented by the histo-
chemical analysis performed on adjacent sections. A 
short analysis time, as used in the present study, is 
necessary to minimize the effects of elemental loss, but 
gives higher standard deviations. 
To obtain more detailed knowledge on the primary 
mechanisms of degeneration and ion fluxes on the single 
cell level, we have previously examined different animal 
muscles including the soleus, gastrocnemius and exten-
sor muscles after tenotomy, neurotomy, and after a com-
bination of tenotomy and neurotomy. We have been 
able to correlate the structural changes found in the cell 
membrane of tenotomized muscles with an increase in 
intracellular sodium and chlorine and a simultaneous re-
duction of potassium content. In muscles which have 
been denervated and tenotomized and denervated for 5 
days, we found that the basic elemental composition of 
the muscle fibers was almost normal. The results of 
short term experiments (5 days) have been compared 
with long term experiments (16 days) and then we could 
trace the ionic changes in denervated muscles 
(Wroblewski and Edstrom, 1983; Wroblewski et al., 
1989). These results are in good agreement with data 
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obtained by Leader et al. (1984) describing a decreased 
membrane potential in denervated muscle, which results 
in an increased permeability to mobile ions. 
In some muscular dystrophies and myotonic 
dystrophy of human skeletal muscles (Edstrom and 
Wroblewski, 1989), the most conspicuous finding was 
elevated sodium and chlorine and lowered potassium in 
myotonic dystrophy. This finding could be directly 
related to the degree of myotonia. In muscular dystro-
phies without myotonia, decreased potassium levels were 
detected while sodium and chlorine levels were almost 
normal. In myotubular myopathy patients (Edstrom et 
al., 1982) elevated sodium and chlorine and lowered 
potassium were found in contrast to multicore myopa-
thies (Edstrom et al., 1986). 
All above-mentioned studies were performed on 
transverse sections. X-ray microanalysis performed on 
longitudinal sections may be of interest in different 
pathological conditions known to involve changes in con-
tractile and non-contractile proteins. Changes in the 
affinity of an element for different contractile elements 
of the sarcomere should also be correlated to the occur-
rence of different proteins using immunohistochemical 
techniques. 
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Discussion with Reviewers 
K. Zierold: Can you be sure that the cells of your tis-
sue specimen are not damaged by preparation before 
freezing? In the micrograph of your cryosections, the 
actin and myosin show some distortions from the parallel 
arrangement, probably caused by freezing and/or de-
hydration. How can you exclude preparation artifacts in 
the ion distribution which could appear as redistribution 
of ions from aqueous regions (I-bands) of the cell to 
mass dense regions (Z- and A-bands)? 
T. Daimon: Are there any effects of the 
recrystallization on the redistribution of the elements? 
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T. von Zglinicki: Even according to a very conserva-
tive estimation, ice crystal damage is large in dimension 
against the thickness of the Z-band: the ion distribution 
between Z-band and I-band, then, could easily be just a 
precipitation artifact during slow freezing. At least 
some data obtained on (thin) well frozen sections should 
be given to confirm the results. 
Authors: We almost always damage the cells (prior to 
and) during cryofixation. The question is how much? 
The damage of the tissue is usually higher in the more 
hydrated areas and in more hydrated cells. In different 
types of secretory cells processed in the same way as 
muscle tissue in present study, one can hardly see any 
damage even if the tissue was cut far over the recrystall-
ization temperature of ice crystals (approximately -80°C) 
was not present in all specimens to the same degree. Ice 
crystal formation during recrystallization might of course 
introduce redistribution of diffusible elements, however, 
diffusion will be limited to the size of the crystals which 
is far below the size of analyzed areas. Concerning the 
possibility of diffusion of elements into areas of dense 
regions (with higher dry mass), we feel that ions will not 
easily diffuse into such areas. Due to the high density 
of proteins in such areas, we feel confident that ions will 
stay within I-band areas. Appearance of the damage at 
the Z-band level was found less frequently than within 
the I-bands. 
K. Zierold: According to the data presented in the 
histograms, the distribution of cations as well as anions 
(Cl) seems to follow the mass distribution in the cell. 
How do you explain this effect? 
Present data confirm earlier published data by von 
Zglinicki (1988) that show that distribution of monova-
lent ions is roughly parallel to the intracellular dry mass. 
It is likely that positive and negative charges appear well 
shielded along the sarcomere axis. In the discussion part 
of his paper you will find comparison of XRMA data 
with concentration of fixed protein charges in muscle 
estimated by using sequence analysis data from the 
literature. 
T. von Zglinicki: I would expect considerable spread-
ing of the beam in sections as thick as 6 µm, which 
might go well out of the Z-Iine. Was quantitation done 
by peak to local background method? 
Authors: Our study was performed on 2 µm cryosec-
tions. The final thickness of the sections (after freeze-
drying) was probably reduced to half of the original 
(nominal) thickness cut in the hydrated state. The quan-
titative procedure was based on the P/B-method with de-
termination of the background intensity under the char-
acteristic peak (Wroblewski et al., 1983). 
L. Edelmann: The described method is most interesting 
Ion distribution in mammalian striated muscle 
and particularly well suited for the microanalysis of 
elements in the striated muscles. I would, however, try 
to improve the method in such a way that the ultrastruc-
ture is better preserved than shown. The structural 
artifacts may be reduced by improved cryofixation 
(plunging into propane?) and/or by improved freeze-dry-
ing [see e.g., Edelmann L (1994) Optimal freeze-drying 
of cryosections and bulk specimens for X-ray microanal-
ysis. Scanning Microsc. Suppl 8: 67-81]. What is your 
opinion on this problem? Did you try to produce semi-
thin cryosections at lower temperatures than -30°C? 
Authors: Structural results observed in semithin cryo-
sections cut at -30°C are due to recrystallization which 
takes place at -80°C and higher. During the late sev-
enties we have been studying if and how improved 
freeze-drying might affect the final structure. We found 
that there are no differences in the structure of muscle 
if the tissue was carefully freeze-dried in vacuum in a 
freeze-drier placed in the chamber of cryostat or if they 
were dried in the cryostat without using vacuum. So, if 
recrystallization once occurred there is no way to make 
the artifacts disappear. We have cut specimens at -50°C 
(also to obtain sections thinner than 1 µm) but cutting 
was more difficult and the sections tend to roll. We 
agree that improved cryofixation might improve final 
morphology. We found overall that there is better 
preservation in specimens with a small mass than in 
larger specimens although recrystallization was common 
for both types of specimens. The best preservation we 
achieved was when analyzing m. tenuisimus in rabbit 
which is an extremely thin muscle (one can see through 
it). To freeze this muscle we used a special instrument 
composed of two clamp forceps where position of the 
could be adjusted to the muscle length. Using this 
instrument, the muscle remained stretched in its in situ 
position during cryofixation in Freon cooled by liquid 
nitrogen. We analyzed two muscles from two different 
rabbits and found an elemental distribution similar to the 
one in the rat. 
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L. Edelmann: You mentioned that you tried to avoid 
the analysis of the SR-T system in the present study. 
Does this mean that you obtained higher Ca values when 
analyzing larger I-band areas (which included the SR-T 
system)? Or do you think that the Ca may have been 
redistributed before freezing due to the muscle contrac-
tion during sample preparation? 
Authors: In semithin sections the SR-T system can of 
course not be seen as clearly as in thin cryosections. On 
some occasions we could probe some more electron 
dense structures (presumably SR-T) and actually a some-
what higher Ca peak was present in the spectra from 
such areas. Concerning the distribution of Ca in muscle 
it is impossible to be certain whether the muscle was 
excited or not at the moment of freezing. This can be 
done under certain experimental conditions which might 
by their set up introduce "own" artifacts. 
